In conventional susceptibility evaluation of geo-hazards, there are some limits, such as unreasonable division of evaluated region, difficulty in quantifying evaluation indicators, time-consuming calculation.
Introduction
Geo-hazards susceptibility evaluation is a critically important issue in regional geo-hazards investigation, which plays an important role in risk assessment, disaster-induced loss assessment and disaster prevention (Zhang et al., 1998; Pan and Li, 2002) . ArcGIS is a commercial software of geographic information systems, and the spatial information and its characteristics can accurately and fully be output to users in terms of texts or pictures according to specified needs. The rapid evaluation of unit division and spatial overlay analysis function of the ArcGIS can avoid time-consuming statistics work during evaluation of geo-hazards susceptibility, and meanwhile, the evaluating results are roughly accurate (Zhang and Yin, 2005; Zhang et al., 2006; Ma and Tian, 2009; Dong et al., 2010; Zhang, 2011) .
Yaozhou area is located in the southern edge of the Loess Plateau in northern Shaanxi, a transition zone between the Ordos platform tectonic unit and Fen-Wei Graben tectonic unit. The terrain tilts from northwest to southeast. Its relative altitude is about 1196 m. The highest point is the peak of Changshe Mountain at elevation of 1730 m, and the lowest one on Zhaoshi river valley at elevation of 536 m. Based on the geological characteristics and genesis of the terrain in Yaozhou area, it can be roughly divided into three regions, the northern mountain region, the central residual plateau gully region, and the southern valley and platform region, respectively. The average elevation of the northern mountain region is 1350 m, and undulating hills, valleys and lush forests are widely distributed. The elevation of the central residual plateau gully area ranges from 900 m to 1250 m; the terrain is wavy and slightly tilts toward southeast. Due to the strong river erosion, valleys are deeply cut, gullies are criss-crossing, plateau surface is broken, and soils are seriously eroded. The elevation of the southern valley and platform region ranges from 650 m to 900 m; the terrain is smooth, characterized by thick overburden soil layers. The climate in the study area belongs to the warm semi-arid to semi-humid monsoon, the winter is dry and cold, but the summer is hot and rainy. The annual precipitation significantly varies, especially the precipitation from July to September accounts for more than half of total annual precipitation.
For the coupling effects of special geological and climatic conditions and the influences of human engineering activities, the geo-hazards in Yaozhou area frequently occurred, and it seriously threatened to the life and property of local residents. In this paper, evaluation of geo-hazards susceptibility is carried out in Yaozhou area by ArcGIS based on field investigations, which is helpful for promoting the prevention and control of the geo-hazards.
Geo-hazards characteristics
In this study region, the geological condition and geo-hazards in Yaozhou area were comprehensively investigated, and 372 Table 1 . Generally, landslides, collapses and unstable slopes are the main types of geo-hazards observed in Yaozhou area, and are mostly concentrated in specific terrain units. The plane appearances of landslides are significantly varied. The soil overburden thicknesses of the landslides are shallow, and the mechanical failure modes are clear. Collapses are small scaled but extremely harmful, which are caused by slope or cliff damage. Unstable slopes are mainly in convex and linearly shaped.
The potential hazards, such as debris flows, are also serious. They would occur if the artificial waste piling up in the channel became the sources of debris flow under sufficient hydrodynamic conditions. Ground collapses are the most serious geo-hazards because of their poor stabilities and wide distributions, and they will threaten to the security of life and property in the affected areas.
Geo-hazards susceptibility evaluation based on ArcGIS

Information content analysis model
The information content can be obtained in the model as the quantitative indicators for geo-hazards susceptibility evaluation by analyzing the amount of information of various influence factors on the slope deformation and/or failure. The calculation principle and process are shown as follows:
(1) Calculate the information content I(x i , A) of slope instability (A) provided by single factor x i :
where P(x i /A) is the probability of x i that appeared in the slope deformation and/or failure conditions, P(x i ) is the probability of x i that appeared in overall condition, S is the total number of known sample units, N is the number of known deformation and/or failure sample units, S i is the number of unit x i that appeared, and N i is the number of deformation and/or failure unit x i that appeared.
(2) Calculate the information content I i of the slope deformation and/or failure on some units provided by combinations with p kinds of factors:
(3) Determine the stability level of the unit according to the values of I i : (a) I i < 0 indicates that the probability of deformation and/or failure of the unit is less than the average probability of deformation and/or failure in the global region. (b) I i = 0 indicates that the probability of deformation and/or failure of the unit is equal to the average probability of deformation and failure in the global region. (c) I i > 0 indicates that the probability of deformation and/or failure of the unit is larger than the average probability of deformation and/or failure in the global region. The greater the value of the information in some units is, the easier the deformation and/or damage of the slope is. (4) Identify mutation point as the cut-off point by statistical analysis (subjective judgments or cluster analysis) to divide this area into different stability levels.
Because the basic data of evaluation indicators mainly come from quantitative description, they must be normalized before being used in evaluation model.
Evaluation indicators and their weights
Geo-hazards susceptibility is controlled by the basic geological conditions and external factors. Seven factors are selected as the indicators of geo-hazards susceptibility evaluation, i.e. slope gradient, slope height, slope type, rock and soil structure, precipitation, vegetation, and impact of human engineering activities.
Combined with previous research results, the weights for the evaluation indicators are determined by grading from experts system. Experts assign scores to the evaluation indicators in order of importance, and all scores from experts are counted to obtain a set of weights. Then evaluation is conducted using the weights and the rationality of evaluation results is analyzed. Finally the analysis results are returned to the experts. Experts repeatedly revise weights until the evaluation results are consistent with the actual situation. Final weights are adopted as shown in Fig. 1 . 
Quantitative evaluation indicators
Evaluation indicators include quantitative and qualitative indicators. The qualitative indicators, such as slope gradient, slope height, rainfall, can be determined through appropriately numerical transforms of the original observations. Before the qualitative indicators are obtained, they must be classified according to an evaluation index grading criterion established in advance. Thus, the values of every qualitative indicator can be assigned in order of their importance.
(1) Slope gradient
The slope information of the survey area is extracted and normalized from digital elevation model (DEM) using GIS software. When the slope gradient is greater than 40 • , geo-hazards occur frequently, so the indicator value of slope gradient is defined as 1. When the slope gradient is less than 10 • , the frequency of occurrence of geo-hazards is low, so the indicator value of slope gradient is defined as 0. In the slope gradient from 10 • to 40 • , the indicator values are determined by normalized probability of occurrence of geo-hazards. (2) Slope height Geo-hazards mainly occur at slope height of 50-100 m, thus the indicator value of slope height is defined as 1 when the slope is higher than 100 m, and linearly assigned from 1 to 0 when the slope height is less than 100 m. (3) Slope type Slope type can be described quantitatively by the slope curvature. The curvature of linear and/or convex slope is equal to or greater than 0, and that of the concave and/or ladder-type ramp slope is less than 0. Therefore, the surface curvature information can be extracted from the DEM data using ArcGIS, and then normalized as the slope type indicator. (4) Rock and soil structure There are four types of rock and soil structures: thick hard rocks, alternating layers of thin semi-hard to intermediate hard rocks, gravel, and loess. The thick hard rocks are mainly distributed in the eastern mountainous region, and geohazards are rarely reported, thus a value of 0 is suggested. The alternating layers of thin semi-hard to inter-mediate hard rocks are basically distributed in valley sides, but geo-hazards occur frequently, thus a value of 1 is recommended. The gravel is mainly distributed in valley region, and the geo-hazards are rarely reported, thus a value of 0 is suggested. The loess is mainly distributed in the Loess Plateau in eastern area, and many kinds of geo-hazards occur here, thus a value of 1 is considered. (5) Vegetation
The indicator value of vegetation is calculated using MODIS remote sensing data in survey area. (6) Precipitation For precipitation, rainfall uniformity coefficient is selected as the indicator of precipitation. The rainfall uniformity coefficient is defined as the ratio of the average rainy season rainfall (from July to September) to the average annual rainfall, and it is normalized and interpolated from 0 to 1 in the study area. The rainfall uniformity coefficient can truly reflect the heterogeneity of rainfall. The greater the rainfall uniformity coefficient is, the more concentrated the rainfall is. (7) Impact of human engineering activities
The impact of human engineering activities on the formation and development of geo-hazards is very complex. Meanwhile, it is very important to consider human engineering activities in the geo-hazards susceptibility evaluation. The indicator of human engineering activities can be simplified as follows: the construction of county main towns, highways, railways, and national roads significantly affects the geological environments, so the human engineering index of important projects of this kind is assigned the value 1. In the influential area of the smaller towns, larger villages, and provincial roads, a value of 0.75 is suggested. In the influential area of smaller villages, county, and township roads, a value of 0.5 is suggested. For regions without human engineering activities, a value of 0 is considered. The quantitative approach has real physical meaning. The more intense the human activities are, the greater the probability of causing geo-hazards is.
Division of evaluation unit
There are many methods for division of evaluation unit, and each has advantages and disadvantages. The division form and the dimensions of unit have major impact on the evaluation result.
Grid unit method is the method used frequently, and it has the following merits: the unit can be rapidly divided using GIS; the raster data is in matrix form; and the computation can be completed quickly. However, its limitation is that the unit cannot be systemically combined with topography and geo-environmental conditions. The evaluation unit should fully consider the environmental conditions of the geo-hazards formation. On the basis of the DEM data, the study area is divided into 3562 units using hydrological analysis method by GIS (Fig. 2) .
Results of geo-hazards susceptibility evaluation
Determination of boundary value is one of the key issues in geo-hazards susceptibility evaluation. The commonly used methods are mutation point method and the equal spacing method. For effectiveness, the former is used in the study. Because the evaluation value mutation is the response of the geo-environmental mutation, thus the degree of geo-hazard susceptibility changes dramatically. The mutation point method can easily divide all study area into geo-hazards-prone regions with different grades: high-prone, mid-prone, and low-prone. The mutation-prone points are calibrated as the boundary value through statistical analysis.
The geo-hazards in the region were surveyed in July and August, 2010. The geo-hazards susceptibility zoning map and the actual survey results are shown in Fig. 3 . It can be seen from Fig. 3 that the actual survey results and the quantitative analysis results are roughly consistent, and the most of measured geo-hazards are located in high-prone areas and mid-prone areas.
It is noted that high geo-hazards-prone areas are mainly distributed on both sides of the Juhe river valley and the Qishuihe river valley. The area is about 361.7 km 2 , accounting for 22.3% of the total study area. In this area, 61 landslides, 38 collapses, 95 unstable slopes, 5 ground collapses and 1 ground fissure were observed. The intensity of geo-hazards is 0.553 point per kilometer.
Intermediate geo-hazards-prone areas are mainly located in the central residual plateau gully region and northern mountain region. The area is about 748.7 km 2 , accounting for 46.16% of the total study area. In this area, 51 landslides, 23 collapses, 75 unstable slopes, 2 debris flows and 1 ground fissure were found. The intensity of geo-hazards is 0.203 point per kilometer.
Low geo-hazards-prone areas are mainly located in the bedrock mountain and the surface area of the Loess Plateau. The area is about 511.6 km 2 , accounting for 31.54% of the total study area. In this area, 8 landslides, 5 collapses, 5 unstable slopes, 1 ground collapse and 1 ground fissure were found. The intensity of geo-hazards is 0.0309 point per kilometer.
Conclusions
From the results, it is shown that the geo-hazards in Yaozhou area are distributed in particular terrain regions. The distribution and type of the geo-hazards are controlled by the topography, and the formation of topography is controlled and influenced by the neotectonic. In the Loess Plateau gully region, the geo-hazards are well developed due to fragile natural environment, low vegetation coverage, and serious soil erosion. Meanwhile, the human engineering activities have great impact on the geo-hazards. In Juhe river valley and Qishuihe river valley, the towns, villages, and roads construction and other human engineering activities are very common. The irrational slope cutting frequently decreases the slope stability. Thus a variety of geo-hazards are induced.
The actual results of geo-hazards are consistent with the quantitative analysis results, and most of measured geo-hazards occurred in high and intermediate geo-hazards-prone areas. Thus, the evaluation results of geo-hazards susceptibility in the study area are creditable.
